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The multinucleon transfer reactions in collisions of 136Xe+198Pt at incident energies Elab =5.25,
6.20, 7.98, 10.0, and 15.0 MeV/nucleon are investigated by using the improved quantum molecular
dynamics model. It is found that 6.20 MeV/nucleon is the optimal incident energy for producing
the neutron-rich heavy nuclei. About 80 unknown neutron-rich nuclei might be produced in this
reaction with cross sections from 10−6 to 10−2 mb. The angular distributions of the neutron-rich
isotopes are predicted.
I. INTRODUCTION
Producing new nuclei towards the neutron and proton
drip lines in the nuclear landscape is a fundamental task
in nuclear physics. At the end of 2017, a total of 3252
stable and radioactive nuclides have been discovered [1].
In the proton-rich side of the nuclear chart, the known
proton-rich nuclides are very close to the proton drip line
up to Z = 91. However, the neutron drip line nuclides
are synthesized only up to Z = 8 [2]. A large number of
neutron-rich nuclides are unknown due to the long dis-
tance separating the valley of stability from the neutron
drip line. Many experiments were performed to produce
the new neutron-rich nuclei via in-flight fission and cold-
fragmentation of 238U at intermediate or relativistic en-
ergies. The in-flight fission reactions have proven to be
an optimum method for the production of new medium-
mass neutron-rich nuclei [3–5]. For example, 36 new
neutron-rich nuclei in the range of 37 6 Z 6 57 were
observed by using in-flight fission of a 345 MeV/nulceon
238U beam impinged on 9Be target at RIKEN [5]. An-
other experiment of 1 GeV/nucloen 238U+9Be performed
at GSI shows that the new neutron-rich heavy nuclei
range from 72 6 Z 6 78 were produced by the cold-
fragmentation method [6]. However, production cross
sections of these new nuclei from the cold-fragmentation
mechanism are only a few ten pb orders of magnitude.
In recent years, the multinucleon transfer (MNT) reac-
tions have attracted extensive attention to produce new
neutron-rich nuclei both theoretically [7–23] and exper-
imentally [24–32]. An experiment of 136Xe+198Pt at
incident energies Elab = 7.98 MeV/nucleon was per-
formed by watanabe et al. at GANIL [26]. They found
that the production cross sections of the N = 126 iso-
tones are extremely significant larger than those mea-
sured in the fragmentation reaction of a 1 GeV/nucleon
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208Pb beam impinged on a Be target [33]. However, the
new neutron-rich nuclei around N = 126 shell closure
were not observed because the detection limit of the VA-
MOS++ is 10−2 mb. Thereafter, Zhu et al. want to
repeat this experiment using the Fragment Mass Ana-
lyzer (FMA) detector [34] at Argonne National Labo-
ratory. Another group, Huang et al., also have a plan
to perform the 136Xe+198Pt reaction with the gas-filled
separator at High Intensity heavy-ion Accelerator Facil-
ity (HIAF) [35, 36]. Theoretical support for these very
time-consuming and expensive experiments is vital for
choosing the optimum incident energy and arranging the
detector.
The models for describing the MNT reactions include
the improved quantum molecular dynamics (ImQMD)
model [8, 9, 37], the time-dependent Hartree-Fock
(TDHF) approach [38, 39], the dinuclear system (DNS)
model [40–43], the GRAZING model [44–47], the Com-
plex WKB (CWKB) model [48–50], the Langevin equa-
tions [7], the deep-inelastic transfer (DIT) model [51, 52],
and so on.
In our previous work [8], we have studied the MNT
reaction of 136Xe+198Pt at 7.98 MeV/nucleon by using
the ImQMD model. By analyzing the differential cross
sections of the products, we have found that the new
neutron-rich nuclei are produced in deep-inelastic colli-
sion mechanism. In this work, we will systematically in-
vestigate the 136Xe+198Pt collisions at different incident
energies. On the one hand, we will search for the optimal
incident energy for the production of new neutron-rich
nuclei. On the other hand, the emission angle of these
new neutron-rich nuclei will be predicted for the experi-
ment to arrange the detector.
The structure of this paper is as follows. In Sec. II,
we briefly introduce the ImQMD model. The results and
discussion are presented in Sec. III. Finally the conclu-
sion is given in Sec. IV.
2II. THEORETICAL FRAMEWORK
The ImQMDmodel is an improved version of the quan-
tum molecular dynamics (QMD) model [53] which takes
into account the effects of the surface term, the surface-
symmetry potential term, and so on [54, 55]. To describe
the fermionic nature of the N -body system and improve
the stability of an individual nucleus, the Fermi con-
straint is adopted. The two-body collision correlations
and the Pauli blocking checking are also included. The
same as the original QMD model, each nucleon is repre-
sented by a coherent state of a Gaussian wave packet
φi(r) =
1
(2piσ2r )
3/4
exp[−
(r− ri)
2
4σ2r
+
i
~
r · pi], (1)
where ri and pi are the centers of ith wave packet in the
coordinate and momentum space, respectively. σr repre-
sents the spatial spread of the wave packet in coordinate
space. The one-body phase space distribution function
is obtained by the Wigner transform of the wave func-
tion. The time evolution of ri and pi for each nucleon is
governed by Hamiltonian equations of motion
r˙i =
∂H
∂pi
, p˙i = −
∂H
∂ri
. (2)
The Hamiltonian of the system includes the kinetic en-
ergy T =
∑
i
p2
i
2m and effective interaction potential energy
H = T + UCoul + Uloc, (3)
where, UCoul is the Coulomb energy, which is written as
a sum of the direct and the exchange contribution
UCoul =
1
2
∫ ∫
ρp(r)
e2
|r−r′|ρp(r
′)drdr′
− e2 3
4
( 3pi )
1/3
∫
ρ
4/3
p dr. (4)
ρp is the density distribution of protons of the system.
The nuclear interaction potential energy Uloc is obtained
from the integration of the Skyrme energy density func-
tional U =
∫
Vloc(r)dr without the spin-orbit term, which
reads
Vloc =
α
2
ρ2
ρ0
+
β
γ + 1
ργ+1
ργ0
+
gsur
2ρ0
(∇ρ)2
+
Cs
2ρ0
(ρ2 − κs(∇ρ)
2)δ2 + gτ
ρη+1
ρη0
. (5)
Here ρ = ρn + ρp is the nucleons density. δ = (ρn −
ρp)/(ρn + ρp) is the isospin asymmetry. The parameter
set IQ2 (see Table 1) adopted in this work are the same
as in the Refs. [8, 9].
In this work, we set z-axis as the beam direction and
x-axis as the impact parameter direction. The initial
distance of the center of mass between the projectile and
target is 30 fm. We base on the parameter sets of IQ2
and set the wave-packet width σr = 1.3 fm. The IQ2 has
TABLE I. The model parameters (IQ2) adopted in this work.
α β γ g
sur
g
τ
η CS κs ρ0
(MeV) (MeV) (MeV · fm2) (MeV) (MeV) (fm2) (fm−3)
−356 303 7/6 7.0 12.5 2/3 32.0 0.08 0.165
been tested for describing the fusion reactions [56, 57],
MNT reactions [8, 9, 37], and fragmentation reactions
[58–60]. The dynamic simulation is stopped at 2000 fm/c.
And then the GEMINI code [61, 62] is used to deal with
the subsequent de-excitation process. The nuclear level
densities in the GEMINI code are taken as a Fermi-gas
form with default parameters.
III. RESULTS AND DISCUSSION
In this work, we just consider the case of two frag-
ments after the collisions. We first check the ImQMD
model for describing the isotopic distributions in MNT
reactions. Fig. 1 shows the isotopic distributions for
Z =52, 54, 56, 76, and 80 in 136Xe+198Pt reaction at
Elab = 7.98 MeV/nucleon. The thick folding lines and
thick solid lines denote the results of ImQMD+GEMINI
and GRAZING with including the evaporation, respec-
tively. The thin folding lines and thin solid lines denote
the primary fragment distributions of the ImQMD and
GRAZING, respectively. The experiment data are taken
from the Ref. [26] which are denoted by open circles. It
should be pointed out that the calculated fragment yield
distributions from the ImQMD are filtered with an angu-
lar range 24◦−34◦ (the grazing angle is about 33◦). This
range is the same as the experiment. The GRAZING cal-
culations include only a small range of impact parame-
ters close to the grazing where most of the cross section is
concentrated in the quasielastic scattering. The contri-
butions coming from small impact parameters, leading
to deep inelastic collision, are not considered [44, 45].
From Fig. 1, one can see that the particle evaporation is
extremely significant in the de-excitation processes both
for the ImQMD and GRAZING model. The GRAZING
model grossly underestimates the production cross sec-
tion by orders of magnitude in the case of Z = 54 and 76.
The ImQMD+GEMINI calculations are reasonably well
to describe the isotopic production cross section both for
the projectile-like fragments (PLFs) and the target-like
fragments (TLFs).
In order to obtain the optimal incident energy for pro-
ducing the neutron-rich heavy nuclei, we calculate sys-
tematically the 136Xe+198Pt reactions at different inci-
dent energies. Fig. 2 shows the isotopic distributions
of secondary fragments in 136Xe+198Pt at Elab =5.25,
6.20, 7.98, 10.0, and 15.0 MeV/nucleon. The range of
the emission angle of the products is from 0◦ to 180◦.
Two typical features can be found in the isotopic distri-
butions at Z = 78. The high peaks located at A = 198
are mainly came from the contribution of quasielastic col-
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FIG. 1. Isotopic distributions for Z =52, 54, 56, 76, and 80 in 136Xe+198Pt reaction at Elab = 7.98 MeV/nucleon. The thick
lines denote the secondary fragment distributions from the ImQMD+GEMINI and GRAZING with including evaporation. The
thin lines are primary fragment distributions. The open circles denote the experiment data from the Ref. [26].
lisions where the primary products have low excitation
energies. The bell shaped distributions in the neutron-
deficient side correspond to more damped events with
strong particle evaporation. Especially at large inci-
dent energies, a large number of particles are evaporated,
which causes a shift of the final products to the neutron-
deficient side. In order to obtain the neutron-rich nuclei,
it is expected that the primary products have a large
production probability and have a small excitation en-
ergy. From Fig. 2, we find that the optimal incident for
producing the neutron-rich nuclei is 6.20 MeV/nucleon.
Because for the case of Elab =5.25 MeV/nucleon, the pro-
duction cross sections of the primary neutron-rich nuclei
are lower. While for a larger incident energy, the primary
products are highly excited and thus leads to the lower
survival probability for the neutron-rich nuclei. Espe-
cially in the proton pickup channels, the production cross
sections of the neutron-rich nuclei are quite low due to a
dominant fission channel.
In Fig. 3, we display the energy dissipation processes
in MNT reactions. The excitation energy of an excited
fragment is obtained as the total energy of the fragment
in the body frame with the corresponding ground state
binding energy being subtracted. Fig. 3(a) shows the
average excitation energy as a function of the mass num-
ber of the TLFs in 136Xe+198Pt at different incident en-
ergies. One can see that the energy dissipation of the
system is strongly associated with the incident energy.
A large incident energy improves significantly the exci-
tation energy of the products, especially in the region of
A >198. Hence, we can see the production cross sections
of the neutron-rich nuclei decrease rapidly with increas-
ing incident energy at the proton pickup channels (see
Fig.2(d)-2(e)). Fig. 3(b) shows the average excitation
energy as a function of the neutron number of the prod-
ucts in 136Xe+198Pt at Elab = 6.20 MeV/nucleon. From
Fig. 3(b), one sees that the average excitation energy de-
crease with increasing neutron number of the products.
It is due to that the Qgg value (most are negative) is
rapidly decreased with the increase of neutron number
of the products. It is particularly important for the sur-
vival of the exotic neutron-rich nuclei. In Ref. [26], it is
found that the very neutron-rich nuclei are dominantly
produced in the collisions with the low total kinetic en-
ergy lost (TKEL).
Fig. 4 shows that the final production cross section
distributions for TLFs in 136Xe+198Pt at Elab = 6.20
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FIG. 2. Calculated isotopic distributions of secondary fragments by the ImQMD model in 136Xe+198Pt at different incident
energies.
of the known nuclei. From Fig. 4, one can see that
about 80 new neutron-rich nuclei with atomic number
from 56 to 80 are survived after the deexcitation pro-
cesses. The production cross sections of these nuclei are
from 10−6-10−2 mb. The new nuclei along the N = 126
shell closure, 200W and 199Ta, could be produced in this
reaction with cross sections 4.4 and 8.1 µb, respectively.
In our previous work [8], it is indicated that the very
neutron-rich isotopes are produced in deep-inelastic col-
lisions. The exotic neutron-rich nuclei cannot be gener-
ated in quasielastic and quasifission collisions. Because
in the quasielastic collisions, only a few nucleons could
be transferred. While for the quasifission collisions, large
excitation energy is obtained in energy dissipation pro-
cesses which causes that the primary fragments have a
smaller survival probability in the deexcitation processes.
Fig. 5 shows the angular distribution of the TLFs in
136Xe+198Pt at Elab = 6.20 MeV/nucleon. The emission
angle of the target in the grazing collision is about 60◦.
From Fig. 5, one can see that the nuclei near the target
(such as 190W, 196Os, 200Pt, etc.) could be produced by
two reaction mechanisms. The products with emission
angles around 60◦ come mainly from the contribution of
the quasielastic collisions. The products with emission
angles less than 40◦ are generated from the more damped
collisions. With increasing of neutron excess, the emis-
sion angles of the products show a decreased trend. The
exotic neutron-rich nuclei (such as 206Pt, 204Os, 198W,
and 194Hf) are mainly emitted from angles θlab < 60
◦.
Considering the relatively large production cross sections,
20◦ < θlab < 60
◦ might be a suitable angular range to
detect the new neutron-rich heavy nuclei.
IV. CONCLUSIONS
The multinucleon transfer reactions of 136Xe+198Pt
at different incident energies have been studied by the
ImQMD model. The results show that at low incident
energies, the production cross sections of the primary
neutron-rich nuclei are lower. While for a large incident
energy, the primary neutron-rich products will obtain a
high excitation energy which causes the lower survival
probability in the de-excitation processes. We find that
incident energy of 6.20 MeV/nucleon is optimal to pro-
duce the exotic neutron-rich heavy nuclei. The average
excitation energy of the TLFs at different incident ener-
gies also have been analyzed. It shows that the energy
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FIG. 5. Predicted angular distributions of the TLFs in 136Xe+198Pt at Elab = 6.20 MeV/nucleon.
dissipation of the system is strongly associated with the
incident energy. The excitation energy of the products
increase rapidly with increased mass transfer. In addi-
tion, we also find that the excitation energy decreases
with increased neutron excess of the products. This is
extremely advantageous for the survival of the neutron-
rich nuclei. The angular distributions of the TLFs have
been displayed. It shows that 20◦ < θlab < 60
◦ might be
a suitable angular range to detect the new neutron-rich
heavy nuclei.
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